Abstract Pulmonary microvascular endothelial cells (PMECs) injury including apoptosis plays an important role in the pathogenesis of acute lung injury during sepsis. Our recent study has demonstrated that calpain activation contributes to apoptosis in PMECs under septic conditions. This study investigated how calpain activation mediated apoptosis and whether heat stress regulated calpain activation in lipopolysaccharides (LPS)-stimulated PMECs. In cultured mouse primary PMECs, incubation with LPS (1 lg/ml, 24 h) increased active caspase-3 fragments and DNA fragmentation, indicative of apoptosis. These effects of LPS were abrogated by pre-treatment with heat stress (43°C for 2 h). LPS also induced calpain activation and increased phosphorylation of p38 MAPK. Inhibition of calpain and p38 MAPK prevented apoptosis induced by LPS. Furthermore, inhibition of calpain blocked p38 MAPK phosphorylation in LPS-stimulated PMECs. Notably, heat stress decreased the protein levels of calpain-1/2 and calpain activities, and blocked p38 MAPK phosphorylation in response to LPS. Additionally, forced up-regulation of calpain-1 or calpain-2 sufficiently induced p38 MAPK phosphorylation and apoptosis in PMECs, both of which were inhibited by heat stress. In conclusion, heat stress prevents LPS-induced apoptosis in PMECs. This effect of heat stress is associated with down-regulation of calpain expression and activation, and subsequent blockage of p38 MAPK activation in response to LPS. Thus, blocking calpain/p38 MAPK pathway may be a novel mechanism underlying heat stress-mediated inhibition of apoptosis in LPS-stimulated endothelial cells.
Introduction
Acute lung injury and its more severe form, acute respiratory distress syndrome, remain the important clinical problems affecting [190,000 patients per year in the USA [1, 2] . The most common cause of acute lung injury is bacterial infection resulting in the sepsis syndrome. Lipopolysaccharides (LPS) of Gram-negative bacteria have been suggested to be important pathogens responsible for acute lung injury [3, 4] . So far, there is no specific therapy and/or intervention available for acute lung injury and acute respiratory distress syndrome.
Pulmonary microvascular endothelial cells (PMECs) injury including apoptotic cell death has been recently suggested to contribute to acute lung injury in sepsis [5, 6] . Apoptosis in endothelial cells may induce microvascular dysfunction, which directly contributes to organ failure in sepsis [7, 8] . It has been reported that administration of a caspase inhibitor or vascular endothelial growth factor inhibits the LPS-induced endothelial cell apoptosis in vitro and improves the survival in mouse models of acute lung injury during sepsis [5, 9] . We have recently reported that calpain, a family of calcium-dependent thiol-proteases, plays an important role in promoting apoptosis in PMECs under septic conditions [10] . Furthermore, transgenic overexpression of calpastatin, an endogenous inhibitor of calpain, reduced acute lung injury in a mouse model of sepsis [11] . These studies suggest that calpain activation may represent an important mechanism for pulmonary endothelial cell apoptosis and acute lung injury in sepsis. However, the signalling mechanisms underlying calpainmediated apoptosis and whether calpain can be modulated during sepsis remain to be determined.
Heat stress, as a physical stress, induces cellular heat shock responses, and protects cells from delayed injury stimulation, such as ischemia/reperfusion or oxidative injury [12] [13] [14] . Studies have shown that the heat shock response attenuates LPS-induced apoptosis in pulmonary artery endothelial cell apoptosis and reduces acute lung injury in sepsis [15] [16] [17] [18] . However, the underlying mechanisms remain incompletely understood.
Mitogen-activated protein kinase (MAPK) has been implicated in the pathogenesis of sepsis [19] [20] [21] . There are three well-characterized subfamilies in MAPK family: the extracellular signal-regulated kinase (ERK1/2), p38 kinase, and the c-Jun NH2-terminal kinase (JNK1/2/3) [22] . Activation of all three subfamilies has been found to influence a multitude of cellular events such as cell growth and death, differentiation and inflammation in response to oxidative stress and LPS [23] [24] [25] . It has been shown that the blockage of calpain suppresses p38 phosphorylation in heat stress-induced male germ cell apoptosis [26] . However, it remains to be elusive whether heat stress and calpain influence MAPK signalling in preventing/promoting PMECs apoptosis under septic conditions.
In this study, we employed primary PMECs as a model to determine the signalling mechanisms by which heat stress prevented apoptosis in PMECs under septic conditions. Particularly, we examined our hypotheses that heat stress decreased calpain expression and activity, and subsequently blocked MAPK activation, thereby preventing apoptosis in LPS-induced PMECs.
Materials and methods

PMECs culture
Breeding pairs of C57BL/6 mice were purchased from the Jackson Laboratory and a breeding program was implemented at our animal care facilities. All animals were provided food and water ad libitum, and housed in a temperature and humidity controlled facility with 12-h light and dark cycles. All animals were used in accordance with the Canadian Council on Animal Care guidelines, and all experimental protocols were approved by the Animal Use Subcommittee at the University of Western Ontario. C57BL/6 mice (aged at 4-6 weeks, both male and female) were anaesthetized with ketamine (100 mg/kg)/xylazine (5 mg/kg, i.p.) and lung tissues were harvested. PMECs isolated from lung tissues were kindly provided by Dr. Sanjay Mehta's lab and cultured as previously described [27] , and all PMECs were used for the present study within five generations.
Reagents
LPS, calpain inhibitor-III (CI-III), caspase-3 inhibitor (Ac-DEVD-CHO), SB203580 and SP600125 were purchased from Sigma, Calbiochem or Life Technology.
Caspase-3 activity
Cells were homogenized in a cell lysis buffer and caspase-3 activity in cell lysates was measured using a caspase-3 fluorescent assay kit according to manufacturer's protocol (BIOMOL Research Laboratories), as described previously [10] .
Cellular DNA fragmentation
Cells were pre-labelled with BrdU for 24 h before treatments. DNA fragmentation was measured using a Cellular DNA Fragmentation ELISA kit (Roche Applied Science) according to the manufacturer's instructions.
Calpain activity
Calpain activity was determined using a fluorescence substrate N-succinyl-LLVY-AMC (Cedarlane Laboratories) as described in our previous study [28] .
Adenoviral infection of PMECs
Cultured PMECs were infected with recombinant adenoviruses containing mouse capn1 (Ad-capn1, SignaGen Laboratories), capn2 (Ad-capn2, Applied Biological Materials Inc.), or beta-gal (Ad-gal, Vector Bio-labs) as a control at a multiplicity of infection of 100 PFU/cell. Adenovirus-mediated gene transfer was implemented as previously described [29] .
Western blot analysis
Protein samples were extracted from cultured PMECs. Equal amounts of protein were subjected to SDS-PAGE for separation. After transferring onto the PVDF membrane, Apoptosis (2016) 
Statistical analysis
All data were given as mean ? SD. For multi-group comparisons, a two-way ANOVA followed by NewmanKeuls test was performed. A value of p \ 0.05 was considered statistically significant.
Results
Heat stress inhibits apoptosis in LPS-stimulated PMECs
To determine the protective effect of heat stress on LPSstimulated apoptosis, we pre-treated PMECs with heat stress (43°C, 2 h) and then incubated them with LPS (1 lg/ml) at 37°C for 24 h, treated them with heat stress (43°C, 2 h) followed by incubation at 37°C for 24 h, or incubated them with LPS (1 lg/ml) or saline for 24 h. Apoptosis was assessed by measuring cleaved caspase-3 fragments and DNA fragmentation. LPS increased the levels of cleaved caspase-3 fragments and DNA fragmentation, indicative of apoptosis (Fig. 1b, c) . Heat stress induced a significant increase in heat shock proteins (e.g. HSP27 and HSP90) ( Fig. 1a ) and significantly inhibited LPS-induced apoptosis in PMECs (Fig. 1b, c) . However, heat stress alone did not have any effect on apoptosis under normal condition (Fig. 1b, c) . LPS-induced DNA fragmentation was prevented by Ac-DEVD-CHO caspase-3 inhibitor in PMECs (Fig. 1d) . Together, these results demonstrate that heat stress inhibits LPS-induced apoptosis in PMECs.
Heat stress decreases calpain expression and activation in PMECs
Our recent study has demonstrated that calpain activation contributes to apoptosis in PMECs under septic conditions (14) . Consistently, incubation with calpain inhibitor-III (CI-III) decreased LPS-induced caspase-3 activity and DNA fragmentation in PMECs (Fig. 2 ). LPS increased calpain activity, but had no effect on the protein levels of calpain-1 and calpain-2 ( Fig. 3a) . Interestingly, heat stress significantly reduced the protein levels of calpain-1 and calpain-2 in PMECs (Fig. 3a) , and prevented the increase in calpain activity induced by LPS (Fig. 3b) . These results suggest that heat stress prevents LPS-induced apoptosis probably through down-regulation of calpain in PMECs.
Heat stress attenuates calpain-induced apoptosis
To provide further evidence to support the view that heat stress prevents LPS-induced apoptosis through calpaindependent mechanisms, we investigated whether heat stress could inhibit calpain-induced apoptosis. To this end, we infected PMECs with Ad-capn1 or Ad-capn2 to upregulate calpain-1 or calpain-2, respectively. Ad-gal was used as a control. 24 h after infection, the cells were exposed to heat stress at 43°C for 2 h, and then at 37°C for another 24 h. Infection with Ad-capn1 and Ad-capn2 increased the protein levels of calpain-1 and calpain-2, respectively (Fig. 4a) . Enzymatic calpain activities were also increased in Ad-capn1 and Ad-capn2 infected PMECs as compared to Ad-gal (Fig. 4b) . Up-regulation of calpain-1 and calpain-2 sufficiently induced apoptosis as evidenced by increased caspase-3 activity and DNA fragmentation.
Heat stress significantly inhibited apoptosis in PMECs induced by up-regulation of calpain-1 and calpain-2 ( Fig. 4c, d ). DNA fragmentation induced by infection with Ad-capn1 and Ad-capn2 in PMECs was prevented by incubation with calpain inhibitor-III (Fig. 4e) , suggesting that the induction of DNA fragmentation is related to calpain activities.
Heat stress inhibits LPS-induced MAPKs phosphorylation in PMECs
LPS has been reported to induce the phosphorylation of MAPK family members (p38, ERK1/2 and JNK1/2) in a wide variety of cell types [22, 30] . Activation of MAPKs has been implicated in apoptosis [22, 24, 31] . Similarly, we also showed that incubation with LPS for 24 h increased phosphorylation of p38 and JNK1/2 in PMECs while the levels of phosphorylated ERK1/2 remained unaltered (Fig. 5a, b) . To determine whether p38 and JNK1/2 play a role in apoptosis, we exposed PMECs to LPS or saline in the presence of SB203580 (p38 inhibitor), SP600125 (JNK1/2 inhibitor) or vehicle for 24 h. Incubation with SB203580 prevented apoptosis in LPS-stimulated PMECs; however, SP600125 did not have any effect on LPS-induced apoptosis (Fig. 5c, d ). This result demonstrates that p38 but not JNK1/2 contributes to apoptosis in LPS-stimulated PMECs.
We also examined the effect of heat stress on phosphorylation of p38, JNK1/2 and ERK1/2 in LPS-induced PMECs. As shown in Fig. 5a , b, heat stress decreased basal and LPS-induced phosphorylation of p38, JNK1/2 and ERK1/2. Taken together, these results suggest that heat stress may inhibit apoptosis by blocking p38 MAPK signalling in LPS-stimulated PMECs.
Calpain activation promotes p38 phosphorylation
Having shown that heat stress decreased calpain expression and activity, and prevented p38 phosphorylation while both calpain and p38 contributed to apoptosis in response to LPS, we hypothesized that calpain activation induced p38 phosphorylation in promoting apoptosis. To examine this hypothesis, we incubated PMECs with LPS or saline in the presence of calpain inhibitor-III or vehicle. 24 h later, the phosphorylation of p38 was determined in PMECs. Consistently, LPS increased the levels of phosphorylated p38 whereas total p38 protein remained unchanged. However, incubation with calpain inhibitor-III prevented basal and Capn1 Capn2 * * # # Fig. 3 Changes of calpain proteins and activity in PMECs stimulated with heat stress and LPS. Cultured PMECs were treated with either heat stress (HS, 43°C for 2 h, then 37°C for another 24 h), LPS (1 lg/ml) for 24 h, or with a combination of heat stress (HS, 43°C for 2 h) and followed by LPS (1 lg/ml) for another 24 h. (Fig. 6a) . This result suggests that calpain activation increases phosphorylation of p38 during LPS stimulation.
To provide further evidence to support this finding, we investigated whether up-regulation of calpain-1 and calpain-2 was sufficient to induce phosphorylation of p38. To this end, we infected PMECs with Ad-capn1, Ad-capn2 or Adgal as a control, followed by heat stress. 24 h later, the levels of phosphorylated p38 relative to total p38 were significantly increased in both Ad-capn1 and Ad-capn2 infected PMECs as compared to Ad-gal (Fig. 6b, c) . Heat stress abrogated the increase in phosphorylated p38 in prevented both Ad-capn1 and Ad-capn2 infected PMECs (Fig. 6b) . In addition, infection with Ad-capn1 and Ad-capn2 further enhanced LPS-stimulated p38 phosphorylation in PMECs (Fig. 6c) . Taken together, these studies demonstrate that calpain activation promotes p38 phosphorylation in PMECs under basal condition and LPS stimulation.
Discussion
In this study, we demonstrate for the first time that heat stress down-regulated calpain expression and activity, and subsequently prevented apoptosis in response to LPS. Calpain activation induces p38 MAPK phosphorylation and inhibition of p38 MAPK abrogated apoptosis induced by LPS in PMECs. Thus, heat stress inhibits LPS-induced apoptosis by blocking calpain/p38 MPAK pathway.
Severe heat stress has been reported to have a direct cytotoxic effect, such as in heatstroke [32, 33] . However, as a physical stress, heat stress may be protective under certain pathological conditions. For example, heat shock has been widely recognized to protect cardiomyocytes against ischemia/reperfusion-induced injury [34] . It is also observed that heat stress preconditioning prevents the coronary endothelial dysfunction induced by ischemia/ reperfusion [35, 36] . The present study provides evidence demonstrating that heat stress inhibits apoptosis in LPSstimulated mouse PMECs. This result is consistent with a previous report which showed that the heat-shock response attenuated LPS-mediated apoptosis in cultured sheep pulmonary artery endothelial cells [18] . Thus, heat stress may protect pulmonary micro-and macro-vascular endothelial cells in sepsis-associated acute lung injury. Indeed, heat pre-treatment has been demonstrated to attenuate inflammation and pulmonary microvascular leakage in mouse and rat models of endotoxemia or sepsis [37, 38] .
An important finding of this study is that heat stress reduced basal and LPS-induced calpain protein and activity in PMECs. We further show that inhibition of calpain prevented LPS-induced apoptosis, which is agreement with [10] . Our observations are consistent with a model whereby heat stress inhibits LPS-induced apoptosis by down-regulating calpain in PMECs. Further evidence in support of this conclusion is that forced upregulation of calpain-1 or calpain-2 sufficiently induced apoptosis in PMECs, which was inhibited by heat stress. It is currently unknown how heat stress down-regulates calpain expression in PMECs. However, it seems that heat stress negatively regulates post-transcription of calpain-1 and calpain-2 because both endogenous and exogenous expressions of calpain-1 and calpain-2 protein were decreased by heat stress. Nevertheless, future investigation is needed to clarify whether heat stress impacts on calpain mRNA stability, protein translation and/or degradation.
It is worthwhile to mention that in this study, heat stress also induced HSPs (HSP27 and HSP90) in PMECs. Since HSPs are known to be protective [39] [40] [41] , it is possible, albeit speculated, that the induction of HSPs may be also involved in the inhibitory effect of heat stress on apoptosis in LPS-stimulated PMECs. Interestingly, calpain has been suggested to target and cleave HSPs [42, 43] . Whether this mechanism is also operative in LPS-induced PMECs apoptosis requires further investigation for clarification.
Another important finding of this study is that calpain promoted p38 activation in LPS-induced PMECs. Several lines of evidence support this conclusion. First, LPS induced p38 activation, which correlated with calpain activation. Second, inhibition of calpain prevented LPSinduced p38 activation. Third, forced up-regulation of calpain-1 or calpain-2 sufficiently induced p38 activation. Concurrently, heat stress inhibited LPS-or calpain-1/2 upregulation-induced p38 activation in PMECs. Previous study has also demonstrated that calpain promotes p38 phosphorylation in heat stress-induced male germ cells [26] . We further show that activation of p38 mediated LPSinduced apoptosis as inhibition of p38 abrogated apoptosis induced by LPS. Taken together, our observation argues that calpain mediates apoptosis at least partly by activating p38 pathway in LPS-induced PMECs.
The other two subfamilies of MAPK family (ERK1/2 and JNK1/2) have been implicated in inflammatory response and apoptosis under septic conditions [31, 44] . We show that incubation with LPS for 24 h increased the levels of phosphorylated JNK1/2 but not ERK1/2 in LPSstimulated PMECs. Both heat stress and calpain inhibition significantly reduced basal and LPS-induced JNK1/2 phosphorylation. This suggests that JNK1/2 signalling is negatively regulated by heat stress and calpain inhibition in PMECs. However, inhibition of JNK1/2 did not have any effect on apoptosis in LPS-stimulated PMECs. Similarly, the levels of phosphorylated ERK1/2 were reduced by heat stress in PMECs; however, inhibition of ERK1/2 did not decrease apoptosis (data not shown). Thus, these data exclude the involvement of JNK1/2 and ERK1/2 in LPSinduced apoptosis in PMECs. In summary, this study demonstrates that heat stress prevented LPS-induced apoptosis in PMECs. This effect of heat stress was associated with down-regulation of calpain expression and activation, and subsequent blockage of p38 activation in response to LPS. Thus, blocking calpain/p38 pathway may be a novel mechanism for heat stress-mediated inhibition of apoptosis in LPS-stimulated endothelial cells.
